In our previous studies of the arginase activities of certain tissues of the rat (Folley & Greenbaum, 1946 , 1947 we used reaction periods of 30 min. and 20 hr. for homogenates of liver and mammary gland respectively, and assessed the activities of the homogenates in terms of our 30 min. or 20 hr. arginase units from enzyme calibration curves. Arginase undergoes inactivation at alkaline pH values (Hunter & Morrell, 1933a) , a factor particularly serious in methods involving long reaction periods. Nevertheless, we feel confident that our previous findings regarding changes in the arginase activity of the mammary gland under various conditions are valid, since all values were read from a calibration curve which not only was reproducible with different mammary-gland homogenates, but also agreed with a curve obtained for one of these homogenates in the presence of Co++ (see Fig. 1 ). The significance of the latter agreement is not lessened by our present belief (see later section) that the effect of Co++ under these conditions was mainly to inhibit reversible inactivation due to dissociation of the enzyme system. However, the use of different units for liver and manmmary-gland homogenates was hardly practicable for further studies involving comparison of arginase activities ofthese tissues in the same animal, since the comparison can only be made if the quantitative relationship between the two units is known, and while the highly active liver homogenates can be assayed by both methods, the high dilution necessary for the 20 hr. method favours dissociation of the 20 hr. arginase units 2, I p12 14, 16, 18, 20, 224, 26, 28, 3) metal-enzyme with consequent loss of activity at the outset. In addition, we wished to investigate the activation of the arginase in mammary-gland and liver homogenates by certain divalent metal ions. Here again, methods involving prolonged hydrolysis are unsuitable, since, if the supposed activating agent merely protects the enzyme against inactivation, it will apparently increase its activity. For these two purposes we require, therefore, a method applicable to homogenates with widely different activities, yet employing so short a reaction period that approximate initial velocities are measured.
The sensitive colorimetric reagent for urea described by Archibald (1945) , and applied by Van Slyke & Archibald (1946) to the determination of arginase activity, was the best basis for a method allowing the estimation of approximate initial reaction velocities for tissues with such widely different activities as liver and mammary gland. The advantages of a colorimetric method for carrying out a number of determinations simultaneously are obvious, and it is better to determine liberated urea rather than residual arginine, not only because of the remote possibility that arginine may be decomposed by enzymes other than arginase without the liberation of urea (see Van Slyke & Archibald, 1946) , but also because the relative changes in arginine, for short reaction periods, are very small. Whilst we have no reason to believe that our earlier experiments (Folley & Greenbaum, 1947 
EXPERIMENTAL
Tissue homogenates. Homogenates of liver and of lactating mammary gland of rats were prepared as described previously (Folley & Greenbaum, 1947 a) with the homogenizer of Folley & Watson (1948) . Tissues were homogenized for 5 min. at room temperature, liver with 9 vol. of saline (0-9 % NaCl) and mammary gland with 19 vol., the larger dilution being necessitated by the limited amount of gland usually available and the dimensions of the homogenizer.
The amount of mammary tissue available from one rat is restricted since only the 'abdominal' (i.e. the two abdominal and four inguinal) glands, and not the thoracic glands, which are much more richly interlaced with strands of muscle and connective tissue, were used. The tissues were dissected out and homogenized as rapidly as possible, and the enzyme determinations always started within 15 min. of the death of the rat, which was killed by dislocation of the spine.
In much of this work it was found convenient to carry out activity determinations on liver homogenates further diluted 1:20 with saline (1 ml. & Archibald (1946) mainly in that we use a higher reaction temperature (370) and a lower substrate concentration (0-227M), the latter being just sufficient to give the maximum initial velocity at our (optimal) pH of 9-45.
The reaction mixture consists of 2-5 ml. of 8-0% (w,/v) L-arginine monohydrochloride (titrated to pH 9-45 at 370), 1-25 ml. of glycine buffer (pH 9-45 at 370) and 0-3 ml. of a suitably diluted homogenate. The (1946) imply that the pH (9-5), which they recommend for routine arginase activity determinations, is slightly on the acid side of the optimum for liver enzyme, and they give reasons why they prefer to work at this pH rather than at pH 9-7, at which, they state, arginase may be slightly more active. The pH we specify for 8000 Mammary-gland homogenate+f1n++ 7000- routine determinations is slightly more acid than that used by Van Slyke &; Archibald, but is, nevertheless, the optimum for the enzyme in both liver and mammary-gland homogenates. However, the increased stability of the enzyme on the acid side of the optimum (Hunter &s Morrell, 1933a) made it desirable to carry out parallel studies at lower pH, particularly since a number of authors (Hunter & Dauphinee, 1930; Lightbody, 1938; Kochakian, 1944; Hunter &G Downs, 1944; Folley &G Greenbaum, 1946 , 1947a have described arginase activity methods involving hydrolysis on the, acid side of the pH optimum. For activity determinations at pH 9-1, the lower pHI adopted, we used substrate in 0-071 x final concentration, which our investigations (see later section) indicated as the optimal concentration at this pH.
Throughout, in investigating the effect of changes in various conditions on arginase activity, the hydrolyses were carried out basically as above, but with appropriate modifications according to the factor under study.
RESULTS AND DISCUSSION
Velocity of arginase action Reaction-velocitycurves, determined at pH 9-45 and, in presence of 0-227M-substrate with and without added n++, for various dilutions of rat-liver and mamnmary-gland homogenates respectively, are given in Figs. 2 reaction rate ,depart significaxtly from linearity over the first 10 min., though inhibitory effects, probably due to progressive inactivation of the enzyme and to the accumulation of the inhibitory reaction product L-ornithine (Edlbacher & Zeller, 1936) , become apparent soon after. In the runs with activated emnyme any progressive inactivation which occurred may be assumed to be due to the high alkalinity (see Hunter & Morrell, 1933a) and was presumably irreversible; the non-activated enzyme would also be liable to reversible inactivation due to gradual dissociatiou of the metal-enzyme (see later section).
Thus for reaction periods up to about 10 min. the amount of urea produced in a given time is proportional to the,initial reaction velocity. Since the enzyme was in the presence of excess substrate, it may be anticipated that initial reaction velocities will be proportional to enzyme concentrations, so that for-reaction periods up to 10 m.in. the amounts of urea produced should be convertible by simple calculation into arginase units without reference to an enzyme calibration curve, as was found by Van Slyke & Archibald (1946) under their conditions. This is indeed the case, provided no more than about 1-0 % of the initial substrate.is hydrolyzed (Fig. 4) ; the only curve which deviates appreciably from linearity is that for MnI+-activated liver homogenate. Similar results were obtained at pH 9-1 in presence of 0-071M-substrate, though in this case the upper limit of substrate decomposition for preservation of an approximately linear relation between enzyme concentration and urea production was 5%.
pH-Reaction velocity relatiorhip8
In investigating pH-activity relationships the enzyme activities were. determined by the standard method except that appropriate glycine buffers were used, and the substrate solutions titrated beforehand to the requisite pH. For each pH value an extra reaction tube was provided solely for pH determination at the beginning and end of the hydrolysis. In no case was any appreciable change in pH observed during the reaction. All pH values were measured by glass electrode at 37°.
Typical curves for homogenates of liver and mammary gland from the same rat, determined in presence of 0-227M-substrate, are shown in Figs. 5 and 6, the ordinates in Fig. 6 representing initial reaction velocities expressed as percentages of the maximum. These curves cover a narrower pH range (particularly on the acid side of the optimum), but with smaller intervals than those conmmonly given in the literature so that they allow of closer definition of the pH optima than usual.
The pH optima (substrate concentration 0-227m) for non-activated homogenates of both tissues were essentially the same (pH 9-43-9-45). Similar optima for liver arginase were reported by Felix & Schneider (1938) and for both liver and jack-bean enzyme by Damodaran & Narayanan (1940) . Forliver arginase, more alkaline optima were given by Edlbacher & Bonem (1925) (pH 9-5-9-8), Hunter & Morrell (1933b) (pH 9-8) and (pH 10-0); and more acid optima by Hino (1926) (pH 7-3--7-5), Edlbaeher & Simons (1927) (pH 9-0) and (pH, 8-0) . The latter 540 I948 value may be compared with the value pH 9-0 given by Stock? Perkins & Hellerman (1938) for jack-bean arginase. Most of the above mentioned studies were concerned with glycerol extracts of liver or with partially purified liver extracts, but differences among these results, and between many of them and our own, may result from the dependence ofapparent pH optima on many factors; hence there seems no reason to conclude that the pH-activity relationship for liver and mamnmary-gland homogenates differs in any important respect from that of purified preparations. 8-8 9-0 9-2 9-4 9-6 9-8 1>00 The pH-activity relationships in the presence of 0-071M-substrate are shown in Fig. 7 , in which the ordinates represent percentages of the maximum reaction velocity. With mammary-gland homogenates activation with Mn++ again had no effect on the pH optimnum which, moreover, was unaffected by the change in substrate concentration. The pH optimum for the non-activated liver homogenate was now, however, slightly more acid (approx. pH 9-35), so that there is some indication in this case of a slight shift of the optimum (0-1 pH) towards the alkaline side in the presence of Mn++.
The fact that an approximately threefold decrease in the substrate concentration had no appreciable effect on the pH optima is somewhat surprising, since there is evidence that Km for arginase changes with pH . As will be shown in the next section, the lower of the two substrate concentrations used is optimal at pH 9-1 (inhibition occurring as the substrate concentration is increased), whilst at pH 9*45 the velocity in presence of 0-071 M-substrate is considerably less than the maximal. Thus it would be expected that, even if there is no shift in the optimal pH, the pHactivity curves at the lower substrate concentration would show appreciably less curvature than those at the higher substrate concentration. This is the case for the livei-homogenates, but rather surprisingly the reverse holds for mammarv-gland homogenates (cf. Figs. 6 and 7 ).
The pH-activity relationships for the arginase in tissue homogenates, at any rate in presence of excess substrate, are fairly critical. Thus at pH 9-1 and in presence of 0-227M-substrate, the velocity is only about 85 % of that at pH 9.45. Since the curvature of pH-activity curves may well vary among homogenates from different animals, or homogenates from different tissues of the same animal (e.g. Fig. 7) , tissue-arginase assays for purposes of quantitative comparison should be carried out at the optimal pH and with adequate buffering to prevent pH changes during the reaction. Furthermore, methods which involve hydrolysis on the acid side of the pH optimum should be used with caution.
Substrate concentration-reaction velocity relationships
Reaction velocity-substrate concentration curves, determined at pH 9*45, are shown in Fig. 8 (1946) in that there is no sign of inhibition at high values of substrate concentration (S), but they differ from it in reaching a virtual maximum or saturation value in the neighbourhood of S= 0-22M, while the curve of Van Slyke & Archibald continues, after the initial rapid increase, to rise slowly up to S = 0-4M. The highest maximal velocity was attained by activated liver homogenate (Fig. 8) , and corresponds to an enzyme concentration of approximately 460 units/l. It may therefore be concluded that, in the presence of 0-22M-substrate, enzyme concentrations at least up to this value are fully saturated in the initial stages of the reaction. We were thus led to specify a final substrate concentration of 0-227M for our routine method of arginase activity determination, as being sufficient to give a maximum velocity with concentrations of enzyme likely to be encountered under our conditions, while corresponding to a conveniently prepared substrate solution (8 % w/v as monohydrochloride).
A very different type of activity-S relationship was revealed in the experiments at pH 9-1 (Fig. 9) . Inhibition was now observed with high substrate concentrations so that the curves show definite' optima at a substrate concentration (0-071 M) which is the same for all. It is evident that, for arginase activity determinations on the acid side of the optimal pH, considerably lower substrate concentrations should be used than for methods employing the optimal pH.
The change with pH in the type of activitysubstrate concentration relationship exhibited by arginase in tissue homogenates is of interest, but no explanation will be attempted here. Damodaran & Narayanan (1940) , studying liver arginase, also found some indication of inhibition with increasing substrate concentration. Their optimal substrate concentration was given as 0-067M, a value not very different from ours at pH 9-1; but a puzzling feature is that their results were obtained at pH 9 4, which is not far from our optimal pH at which no inhibition at high substrate concentration occurs. No such inhibition is apparent in the results of , but their studies were not extended into a range of sufficiently high substrate concentration for inhibition to occur.
Enzyme inhibition by excessive substrate concentrations is a fairly common phenomenon (see Haldane, 1930; Lineweaver & Burk, 1934) . Folley & Kay (1935) observed it with unfractionated preparations of mammary-gland and kidney alkaline phosphatase, and they found that their results could be fitted passably well by Haldane's ( 1930) may exist, at least partly, in a form which is able to combine with the substrate in a manner not conducive to hydrolysis. Michaelis constants (pH 9.45) for activated and non-activated homogenates of liver and mammary gland were evaluated graphically by the method of Case I of Lineweaver & Burk (1934) . Plots of S/V against S gave satisfactory linear relationships over the whole range studied (Fig. 11) in agreement with the Michaelis-Menten theory, and confirming the apparent absence at pH 9 45 of inhibition by excessive substrate concentrations. The values for K., which, however, were far from constant, are given in Table 1 Experiments in which the degree of activation was measured after various periods of incubation at 370 with Co++ showed that, whilst the activity of both liver and mammary-gland homogenates containing no added Co++ progressively fell after preparation, even at room temperature, the inactivation was retarded, if not completely prevented, by the presence of Co++. In some experiments the addition of Co++ raised the activity slightly above its original value; in others the activity of Co++-treated homogenates showed a progressive fall, but slower and of factor would, however, not be so important in the 30 min. hydrolysis used for liver homogenates.
In contrast to the lack ofeffect with Co", another activator, Mn" (Klein & Ziese, 1935) , was found to exert a striking activating effect on homogenates of liver and manmary gland alike, much of which is so rapid (Fig. 12) as to appear practically instantaneous by the methods used. lesser degree than with untreated homogenates. In one exceptional experiment, addition of Co++ produced an unequivocal, though not very striking, increase in activity. A typical experiment is illustrated in Fig. 12 
nation, in one experiment at pH 9-45 and in the other at pH 9-1. It is not possible to show the results graphically, since the set expressing the effect of a given cation on a given homogenate can only be graphically represented by a three-dimensional surface. The results of the experiment in which the enzyme activities were determined at pH 9-45 are, therefore, given in Tables 2 and 3 . They define the conditions for maximal activation of the enzyme at homogenate pH and 370 in homogenates of both tissues. All the experiments on arginase activation described in this paper were carried out at homogenate pH, i.e. pH c. 7. found that the rate of activation of their purified arginase by Mn++ increased with rising pH; we prefer, however, to specify conditions for maximal activation at homogenate pH because of the greater stability of the enzyme protein at neutral reactions.
In confirmation of the previous results in Fig. 12 , Tables 2 and 3 show beyond doubt that M++ is a much more effective activator ofthe arginase in our tissue homogenates than Co++, the effect of which is negligible by comparison. These results confirm the previous finding that much of the effect of MnI+ is so rapid as to appear instantaneous with the methods used. (,umol.'urea/min./l. reacting give a final concentration of 2 mg. Mn++/ml. In the third case, the liver tissue was homogenized with saline containing sufficient MnSO4 to give the same final concentration of Mn++, and then diluted with the Mn++-saline containing 2 mg. Mn++/ml. All three homogenates were kept at room temperature during the experiment. As soon as possible after dilution, samples of each were taken for arginase determination using 1 min. hydrolysis at pH 9 45, and other samples were similarly taken for enzyme determination, at first at intervals of 05 min. and later of 1 min.
Three such experiments were carried out with similar results save in one respect discussed below. One experiment is illustrated in Fig. 13 in which, since each enzyme activity determination occupied 1 min. during which activation or inactivation was proceeding, the first point of each curve was plotted at time 0 5 min. from the instant of dilution instead of at time 0, and the subsequent points plotted accordingly. The same plotting procedure was adopted for Fig. 13 . On the other hand it is equally possible that in the tissue the enzyme was not completely activated, and that in the preparation homogenized with M++ activation of the enzyme up to *the full 'ceiling' value occurred during this process. In this case the 'native' activity may be represented by some pointA' intermediate between A and B (Fig. 13) , and the course of activation during the homogenization in the presence of Mn++ by A'D. At present there is no obvious way of deciding between these,alternatives, either of which may hold for the particular liver in question. The results of the other two experiments seemed to indicate that the arginase in the two livers concerned could not have been fully activated in the 'native' state, since in each case the Mn++-homogenized preparation showed some rise in activity at the beginning of the series of determinations (depicted by the partdotted line in Fig. 13 ), which doubtless represented the concluding stAges of an activation process initiated during homogenization. It is hardly possible to speculate in greater detail about the course of events during homogenization since, in the present state of knowledge, these are bound to be obscure; but it seems safe to conclude from these experiments that the degree of activation of the arginase system in vivo cannot be determined by present methods. More work will be necessary before it will be possible to evaluate the prospects of determining the true arginase activity of a given tissue.
In themeantime, determinations ofthe potential' tissue arginas8, i.e. of the level of enzyme protein in the tissues, a measure of which is given by the fully activated arginase activity of an homogenate (Mn++ not Co++ must be used), would seem to be ofgreater biological significance than determinations of arginase carried out in absence of Mnl+, though such values (e.g. those of Folley & Greenbaum, 1947 a, b) , provided they are made under strictly standard conditions as regards dilution and are performed as soon as possible after homogenization of the tissues, are almost certainly capable of leading to valid conclusions regarding relatively large changes in'tissue arginase.
Reliance on determinations of the fully activated arginase, though this represents the best that can be done at present, is, however, not entirely satisfactory, since we are faced with the difficulty of deciding whether observed changes in tissue arginase activity are due to changes in the concentration of the active Mnu'-protein or merely to alterations in the proportion of an unchanged amount of protein which is combined with Mn++. At present there seems to be no satisfactory way of deciding between these alternatives. SUMMARY 1. The arginase present in homogenates of rat liver and mammary gland haw been studied by means of a sensitive reaction-velocity method involving colorimetric determination of urea.
2. The reaction velocity at the pH optimum and in presence of excess substrate (0-227M) is sensibly linear over the first 10 min., so that, provided not too much substrate is hydrolyzed, amounts of urea formed in periods up to 10 min. are proportional to initial velocities, and can be converted into suitable arginase units without use of an enzyme calibration curve. Generally similar results were obtained at pH 9-1 in presence of 0-07 1 M-substrate.
3. The optimal pH (9-45) in presence' of 0-227M-substrate was the same for homogenates of both tissues, and was unaffected by full activation with Mn++; the optimal pH was hardly affected by decreasing the substrate concentration to 0071 M.
4. At the optimal pH there was no evidence of enzyme inhibition by excessive substrate concentrations, the results agreeing well with the MichaelisMenten theory, but at pH 9-1 such inhibition occurred and progressively increased as the substrate concentration was increased above the optimum (0-071M).
5. In the absence of added Mn++, the arginase activity of liver and mammary-gland homogenates progressively falls even at room temperature and pH 7. The rate of inactivation is greater the more 9534=8 I948
dilute the homogenate, and it is doubtless due to gradual dissociation of the metal-protein complex forming the enzyme. The inactivation can be reversed by addition of Mn++ (full activation taking an appreciable time even at 370), or prevented if Mn++ is present from the outset. Co++ does not reactivate partiaUy inactivated homogenates very much, and if present from the outset does little more than prevent or retard dilution inactivation. Mn+ and not Co++ is the metal component of the arginase system in the tissues, the enzyme system being reversibly dissociable. 6. Studies of the kinetics of dissociation inactivation and reactivation by Mn++ indicate that the enzyme may not always exist in the fully activated state in vivo. There is no known method by which the degree of activation of tissue arginase can be determined, and most biological significance attaches to the concentration of enzyme protein (i.e. potential arginase) in the tissues, a measure of which is given by the activity of a homogenate fully activated by M+n.
7. The enzymes in liver and mamary-gland homogenates are so similar in properties that they can be considered identical. In some respects the enzyme in tissue homogenates probably behaves more like the 'native' enzyme than does that in partially purified preparations. Homogenates are thus preferable to extracts for tissue arginase studies.
8. A routine method for the determination of tissue arginase is described. It involves homogenization of the tissue, and the determination of the arginase activity of the homogenate, fully activated by Mn+, with only 5 min., and sometimes only 1 min., hydrolysis.
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